Nine of eleven patients studied within fifteen hours from the onset of acute myocardial infarction had an abnormal response to plasma volume expansion in that stroke volume did not increase when left ventricular filling pressure was elevated. In contrast, in five patients studied more than fifteen hours after myocardial infarction and in five control patients stroke volume was increased when left ventricular filling pressure was elevated by plasma volume expansion. All patients have been followed for a mean of five months, and no patient died of pump failure or had significant heart failure. Often the hemodynamic response to plasma volume expansion within fifteen hours after uncomplicated acute myocardial infarction is abnormal, but it is not useful in predicting prognosis. The abnormal hemodynamic response may be transient, improving during early convalescence. It represents an interaction between left ventricular compliance and function, both of which may be changing rapidly early after acute myocardial infarction.
T HE MAJOR CAUSE of death in patients with acute myocardial infarction admitted to a coronary care unit is myocardial dysfunction. While initial clinical and hemodynamic assessment is helpful in predicting prognosis in most patients," 2 some patients with relatively normal initial hemodynamics later deteriorate. Early identification of these patients by a provocative test would permit early initiation of therapy. The response to plasma volume expansion has been reported to be a useful prognostic index in acute myocardial infarction. It has been stated that when plasma volume expansion results in an increase in the left ventricular filling pressure without an increase in stroke volume or stroke work, prognosis is poor.3 This investigation was designed to evaluate the prognostic value of plasma volume expansion in Killip Class I patients with acute uncomplicated myocardial infarction.
Material and Methods
Twenty-one hemodynamic studies were performed in 18 patients, 13 with uncomplicated acute myocardial infaretion and five with chest pain not due to myocardial infarction. A Swan-Ganz catheter was introduced into a right antecubital vein cutdown for right heart catheterization, and a peripheral intravenous tube was inserted for fluid administration. Arterial pressure was measured by an indwelling radial artery needle inserted percutaneously.
Pressures were measured with a Statham P23Db transducer and recorded with the electrocardiogram and cardiac output on a four-channel direct writing recorder. The mean pulmonary capillary wedge pressure was taken to represent the left ventricular filling pressure.4,5 Cardiac output was estimated by indocyanine green dye (duplicate determinations) using a Gilford densitometer and a computer with a dynamic on-line calibration system. 6 The withdrawn blood was reinfused following each determination to avoid volume depletion. Duplicate cardiac outputs differed by 6% +4% (mean + 1 SD).
Pressures, electrocardiogram, and heart rate were continuously monitored with an on-line computerized display. After initial hemodynamic measurements, Plasmanate* was infused rapidly by hand syringe in 200 ml increments over one minute via the peripheral vein wvhile the pulmonary capillarv wedge pressure, ECG. and systemic arterial pressure were monitored. After each 200 ml of Plasmanate was administered, pulmonary artery, pulmonary capillary wedge, and systemic arterial pressures were again measured and recorded. Duplicate cardiac output determinations were made, and the infusion was continued. Infusion was stopped if the pulmonary capillary wedge pressure exceeded the resting value by 10 mm Hg, if the pulmonary capillary wedge pressure reached 20 mm Hg, or if cardiac output decreased. Hemodynamic measurements were repeated at the end of Plasmanate infusion. The pulmonary capillary wedge pressure was then allowed to fall spontaneously to control levels. If it did not fall, whole blood was removed to return the wedge pressure to normal, which was necessary in six studies. In three patients the catheters were left indwelling for serial studies. All patients including those without myocardial infarction had had normal wedge pressure (less than 15 mm Hg) prior to volume loading and no clinical signs of heart failure.
Stroke work index was calculated from the usual formula: Stroke work index (gm-M/M2) = Stroke volume index (cc/beat/M2) x (MSP-PCW) x 1.36 100 where MSP mean systolic pressure (mm Hg) PCW pulmonary capillary wedge pressure (mm Hg). The patients were divided into three groups: Group I consisted of 11 patients with myocardial infarction studied less than 15 hr (mean 10.4 hr) after onset of chest pain. All of the patients had uncomplicated myocardial infarction with normal left ventricular filling pressure and no clinical or radiologic signs of left ventricular failure. There were seven males and four females with an average age of 57 years. Eight had suffered transmural and three subendocardial myocardial infarction.
Group II comprised five patients with myocardial infarction studied more than 15 hr after the onset of chest pain. Three of these patients had been studied earlier and their first studies are included in Group I. The average age of 60 was not significantly different from that of Group I. The mean time from the onset of pain to study was 44 hr.
Group III comprised five patients with chest pain, subsequently found not to have suffered a myocardial infarction. The mean age was 49 years and the mean time from onset of pain to study was 18 hr. Three of these patients had had a history of angina pectoris and were admitted with a tvoieal enisode of angina. Two of these three patients had had previous myocardial infarctions. None had ECG or enzyme changes compatible with acute myocardial infarction on this admission. Of the two remaining control patients, one had atypical musculoskeletal pain, and one patient (with a previous myocardial infarction) had psychogenic chest pain.
Results
The individual and mean results with one standard deviation of PCW, heart rate, blood pressure, cardiac index, stroke volume, and stroke work index are shown in table 1. The absolute changes of individual and mean values in PCW, cardiac index, stroke volume, and stroke work index plus the ratio of stroke work index to pulmonary capillary wedge pressure are shown with appropriate P values in table 2.
Circulation, Volume XLIX, January 1974
Pulmonary Capillary Wedge Pressure Prior to plasma volume expansion, pulmonary capillary wedge pressure was within normal limits in all three groups. The mean values were 9 mm Hg in Group I, 5 mm Hg in Group II, and 6 mm Hg in Group III. After plasma volume expansion the pulmonary capillary wedge pressure rose to 18 mm Hg in Group I, 13 mm Hg in Group II, and 14 mm Hg in Group III ( fig. 1 ). Group I was significantly higher than Group III. In Group I the mean volume of infusion required to raise the pulmonary capillary, wedge pressure by 1 mm Hg (AV/APCW) was 41 ml/mm Hg, 62 ml/mm Hg in Group II, and 71 ml/mm Hg in Group III. Group I was significantly different from Group II (P < .001) and III (P < .005) with a greater elevation of pulmonary capillary wedge pressure produced by a small volume of infusion than either Group II or III. There was no difference between Groups II and III. Figure 1 This figure illustrates the response to plasma volume expansion in the three groups of patients. Myocardial infarction less than 15 hours from onset-Group I, myocardial infarction greater than 15 hours from onset-Group II, and controls with no myocardial infarction-Group III. Initial mean values of stroke volume and pulmonary capillary wedge pressure (PCW) with one standard error before plasma volume expansion (PVE) are shown with open symbols, and those after plasma volume expansion are shown in closed symbols. In Group I stroke volume is decreased following plasma volume expansion. In Groups II and III stroke volume increases. 
Cardiac Index
The mean cardiac index prior to plasma volume expansion was not significantly different in the three groups. With plasma volume expansion the mean cardiac index did not increase in Group I. The change in cardiac index with plasma volume expansion was signfficantly different between Groups I and III (P < .001) and Groups II and III (P < .005).
Stroke Volume and Stroke Work
The mean stroke volume did not increase with plasma volume expansion in Group I ( fig. 1 ). Individually, six of 11 patients decreased stroke volume with plasma volume expansion in this group. In Groups II and III the stroke volume increased with plasma volume expansion. Mean stroke work index was similar to stroke volume in the three groups. Plasma volume expansion decreased stroke work index in Group I, but stroke work index increased in Group II . 3 ) and stroke work index ( fig. 4 ). At the second study plasma volume expansion caused an increase in cardiac index and stroke volume (stroke work index increased in two and marginally decreased in one with plasma volume expansion). Two of the three patients showed an increase in the AV/APCW during the second plasma volume expansion test. Between these two studies in all three patients control pulmonary capillary wedge pressure fell and cardiac index and stroke work index rose.
Subsequent Course
Patients were followed for a mean of 19 weeks. No patient developed severe congestive heart failure, and none died of pump failure. One patient (#7) died 24 weeks after his myocardial infarction of amyotropic lateral sclerosis. All remaining ten patients in Group I have returned to work or full activity. Four of these patients have angina Circulation, Volume XLIX, January 1974 pectoris; three patients require digitalis, but are now asymptomatic (two of these three patients required digitalis prior to myocardial infarction), and two patients have survived another myocardial infarction.
Discussion
In patients with uncomplicated acute myocardial infarction (Killip Class I) of less than fifteen hours duration (Group I) plasma volume expansion raised left ventricular filling pressure but failed to increase stroke work or stroke volume. This response has been reported to indicate left ventricular dysfunction and a poor prognosis.3 The abnormal response to plasma volume expansion appears to be transient. It is abnormal early (Group I), and our data, though based on a small population, suggest that it may be improved later in convalescence (Group II). Furthermore, the three patients studied twice showed improvement between the 109 Starling's law of the heart relates the energy of contraction to myocardial fiber length. Alteration in ventricular preload or afterload is used to modify fiber length and therefore to construct left ventricu-lar function curves. This concept has been utilized as a means of separating patients with normal and abnormal myocardial function. The energy of contraction may be expressed as stroke work, and fiber length as ventricular volume. Since left ventricular volume is difficult to measure in acutely ill patients with myocardial infarction, filling pressure of the ventricle is often substituted for ventricular volume in constructing left ventricular function curves, assuming normal pressure-volume relationships (compliance). In myocardial infarction, compliance (as well as function) is dependent upon the complex interaction between the normal and abnormal myocardium arranged in series and is in part dependent upon both the location and the size of the myocardial infarction. left ventricle would make substitution of left ventricular filing pressure for left ventricular volume or fiber length inappropriate.
The change in pressure-volume relationships seen with acute myocardial infarction occurs in the first few hours, may persist for three or four days,7 8, 9
Circulation, Volume XLIX, January 1974 Figure 3 The figure illustrates the response of stroke volume to elevation of pulmonary capillary wedge pressure (PCW) in the three patients who had serial studies (1 and 16, R. F.; 9 and 12, M. T.; 2 and 15, R. B.). The first study, done less than 15 hours from onset of myocardial infarction-Group I -is indicated by the dotted lines. The second study, done greater than 15 hours from the onset of myocardial infarctio;r -Group II-is indicated by the solid line. Open symbols represent initial values before plasma volume expansion (PVE); closed symbols are obtained after plasma volume expansion. Plasma volume expansion decreased stroke volume in three patients in their first study, but when the same procedure was repeated later in the course of myocardial infarction, stroke volume increased with plasma volume expansion. and may be important in explaining our findings ( fig. 5 ), though we did not measure ventricular volume, compliance, or infarct size. In the normal left ventricle a change in filling pressure is accompanied by a change in ventricular volume. If compliance is decreased early in acute myocardial infarction the curve describing the pressure-volume relationships in the ventricle is steeper, and a change in ventricular filling pressure may not be associated with a significant change in left ventricular volume. If left ventricular volume is not significantly increased, a change in stroke work would not be expected despite an increase in left ventricular filling pressure. Thus an abnormal response to plasma volume expansion early after myocardial infarction could reflect either left ventricular dysfunction, a change in compliance, or both. Deductions about left ventricular performance from results of plasma volume expansion early in acute myocardial infarction may be misleading if stroke work is expressed as a function of filling pressure. Later during convalescence from myocardial infarction as compliance returns toward normal, the relationship between left ventricular pressure and stroke work may be a more appropriate index of left ventricular function. A flat function curve late in convalescence from acute myocardial infarction may indeed indicate poor cardiac reserve.
Elevation of end diastolic volume and wall tension may be associated with an increase in myocardial oxygen consumption (unpublished observations ).10 Since factors which increase myocardial oxygen consumption have been shown to increase the size of experimental myocardial infarction,1' plasma volume expansion should be used cautiously in patients with acute myocardial infarction and he restricted to patients with low output syndromes. Attempts to maximize cardiac output in uncomplicated Class I patients by raising left ventricular filling pressure to an "ideal" level with plasma volume expansion3' 12 might be harmful.
Our data suggest that an "idear' left ventricular filling pressure of 14 to 24 mm Hg may not produce optimal fiber length in the myocardium if the compliance is altered and therefore may not increase cardiac output. Plasma volume expansion early after acute myocardial infarction in these Class I patients thus could produce deleterious results in the ischemic myocardium where an imbalance already exists between oxygen supply and demand, without the expected improvement in output.
Deductions about prognosis and myocardial function from the results of plasma volume Circulation, Volume XLIX, January 1974 expansion in Class I patients are not justified early in the course of acute myocardial infarction without a more direct measurement of myocardial fiber length than left ventricular filling pressure. Information is needed about the compliance changes during acute myocardial infarction in man before plasma volume expansion can be used as a stress test to determine impaired left ventricular function in these patients.
